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Complex Permittivity Measurements of Common
Plastics Over Variable Temperatures

Bill Riddle, James Baker-JarviSenior Member, IEEEand Jerzy KrupkaSenior Member, IEEE

Abstract—n this paper, we present complex permittivity data
at microwave frequencies (approximately 10 GHz) for many \ |
common plastics over a temperature range of 122 to 375 K. The f d 1
measurements were made with aT'Eqqs dielectric resonator T
placed inside an environmental chamber. Data are presented sample t
for the following materials: acrylonitrile butadiene styrene, _L
polytetrafluoroethylene, cross-linked polystyrene, tetrafluorethy-
lene-perfluorpropylene, polypropylene, polysulfone, polymethyl- support post

methacrylate, polyvinyl chloride, polycarbonate, high-density

polyethylene, polyoxy-methylene (acetal homopolymer), and ] ) )
polyamide. Fig. 1. Cross section of tH€E s dielectric resonator.

Index Terms—Complex permittivity, dielectric resonator,
microwave fregeuncy, plastics, variable temperatures. coaxial cables

I. INTRODUCTION l

vector

LASTICS ARE used in many areas of manufacturing network

and have naturally found application in the construction analyzer
of electronic devices. As the operating frequencies of these -D-
devices continue to increase, designers need accurate date cavity
of the electromagnetic properties of these materials. There
is a sizable body of data in the technical literature about the
electromagnetic properties of plastics, but most of those results ,,yironmental chamber
focus on only a few materials. Permittivity measurements at
various temperatures and frequencies for some of the materfd$s2. Schematic diagram of the measurement system.
presented here can be found in [1]-[9]. An excellent review
article presenting data on many plastics with extensive refer-
ences is given in [10]. Data for several plastic materials using ] ) )
different techniques are presented in [11] and [12]. _In our previous paper [13], we described the use of a cylin-

In this paper, we present complex permittivity data qulcal_ TEOM dlele_zctnp resonator for measuring the <_:omp|ex

many common plastics at a frequency of approximateR?rm.'tt'V'ty of cylindrical samples of d|elec_tr|c ma_tenal over
10 GHz and over the temperature range of 122 to 375 R variable temperature range. Acro;s—seqtmnal diagram of the
The plastics measured are as follows: polytetrafluoroethyleffgSOnator geometry with a typical dielectric sample supported
(PTFE), cross-linked polystyrene (CPS), tetrafluoreth)b-y a dielectric post is shown in Flg. 1. The _cylmdncal cavity is
lene-perfluorpropylene (FEP), polypropylene, ponsulfoné?nStrUCted oyt of metal, and the fields within the sz_;\mple are ex-
polymethylmethacrylate (PMMA), polyvinyl chloride (pvc),cned by coupling loops (notshown) that can be v_arled to control
polyoxy-methylene (acetal homopolymer), polycarbonatH]e amount of electromagnetic energy coupled into the sample.

high-density polyethylene (HDPE), polyamide (nylon), and Fig- 2 shows aschematic diagram of the measurement system
acrylonitrile butadiene styrene (ABS). with the TEy; 5 cavity placed inside an environmental chamber
and connected to a vector network analyzer (VNA) through
coaxial bulkhead connectors. At each temperature, the dielectric
Manuscript received November 7, 2001; revised October 15, 2002. sample was allowed to reach thermal equilibrium by maintaining
) B Rlddle and J. B_aker-Jarvis are with the Radio-Frequency Technology %—Constant chamber temperature for one hour. The magnitude
gﬁg‘g’;Q;;g’ﬁeg;\”fg”ggl0;3‘;,”;‘;;“5323 ngghm'ogy (NIST). Boulder, €8t the transmission parametef,; was measured with the
J. Krupka is with the Warsaw University of Technology, Warsaw 00-662Y/NA to obtain the resonant frequency and quality faofpr
Poland. = __ of the resonator using the 3-dB method [14]. Effort was made
Digital Object Identifier 10.1109/TMTT.2003.808730 to maintain the cavity coupling below-45 dB to minimize
1Specific materials that are commonly used are mentioned for informatiorgystematic effects due to the coupling loops. The procedure

purposes only. This does not imply or constitute any endorsement by the Ngas automated by use of a computer to control the system.
tional Institute of Standards and Technology.

computer

Il. DESCRIPTION OF THEMEASUREMENT SYSTEM
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Fig. 3. Acetal homopolymer; ~ 11 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.
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Fig. 4. Acrylonitrile butadiene styreng,~ 11 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.

For a dielectric material that is homogeneous, linear, ageneral, for a given material, the coefficient of linear thermal

isotropic, the complex permittivity is defined by expansiony at constant pressute is defined by [16]
D(w) = ¢(w)E(w) (1) _L(o
*=1\or), “)

where E is the complex time—harmonic steady-state electric . . : . .
: . . . : whereT" is the temperature andis the linear dimension of
field, D is the corresponding electric flux density, ands the interest. Assuming thdtis a function only off’, the resultin
radian frequency [15]. For complex time-harmonic fields, it i§e arak;Ie ordinarg differential e uation)éan t;e solved as ’
useful to expressin terms of real and imaginary components P y q

T
(@) = e (@) = () @ h:hm(/ mﬂ ©
JTy

wheree is the permittivity of vacuum. The measurements in . . .
this paper are reported in terms of the relative permittiefty Wherel, andll_are the linear dimensions at te”.‘perat“f?s.
and the dielectric loss tangent, defined as andTy, respectively. Data for the thermal expansion coefficient

' « are available for many of the materials measured in this work
(W) [16], [17]. Using the data fot: with the expression fdy above,

(W)’ we were able to correct for the expansion of the measured sam-
" ples due to changing temperature.

tan 6(w) =

After measuring the resonant frequency &hdt each temper-
ature for the materials under test, we were able to calculate IV. M EASUREMENTRESULTS

based on the algorithm described in [13]. The results of the temperature-variable measurements of the

plastic materials are shown in Figs. 3—-15. Each figure caption
includes the approximate resonant frequency of the cavity
The algorithm used in calculatinrgs very sensitive to varia- containing the sample at ambient temperature. Of course, this
tions in sample dimensions, which in turn are functions of tenfrequency varies as the properties and dimensions of the sample
perature. Therefore, itis important to take into account the effeartd cavity change with temperature. The samples measured
of thermal expansion on the samples during a measurementwigre machined from common industrial-grade sources, with no

I1l. THERMAL EXPANSION
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Fig. 6. Tetrafluorethylene-perfluorpropylené/ 10.4 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.
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Fig. 7. High-density polyethylend, =~ 11.3 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.
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precise information about their exact chemical composition. [A8]. The standard uncertainty of a measurement is denoted by
common characteristic of plastics is that the composition, andz;), wherez; is the best estimate of the input quantity of the

therefore the electrical properties, can vary considerably heeasurand of interest. All input quantities are assumed to be
tween different manufacturers and sometimes within differeinidependent, although in general this assumption is very weak.

production lots of the same manufacturer. We have not mafiee combined standard uncertainty of a measufasdiefined
any effort to analyze or control this possible systematic effegg
on the data presented here.

V. UNCERTAINTY ANALYSIS

uc(f) =

5 (i)

K2

(6)

A detailed explanation of the procedure we used to evaluatke two measurands in this paper areandtan é. In general,
the standard uncertainty of our measurements can be foundintertainties that can be evaluated by statistical methods are
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Fig. 8. High-density polytetrafluoroethyleng,~ 11.5 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.
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Fig. 9. Polyamidef =~ 10.8 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.
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Fig. 10. Polymethylmethacrylat¢,~ 11 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.

termed Type A (reported with degrees of freedoand all

on two representative materials (PTFE and CPS). Although we

others as Type B. The reported uncertainties of the results shdwave attempted to include the dominant sources of measurement
in Figs. 3—15 are given in terms of the expanded uncertainty wficertainty in these calculations, some sources (e.g., tempera-
a measurand, defined as [18] ture effects on the coaxial cables) could not be included.

The input quantities that significantly contribute to the com-
bined standard uncertainty ef are the sample thicknessthe
wheret is the coverage factor. We have used a valug ef 2 sample diametef (see Fig. 1), and the cavi_ty calib_ration found
for U(e,’) and U (tan ). py use of a reference material, denoted his functional rela-

Performing the uncertainty calculations on every sample #nship can be expressed as
every temperature proved to be impractical, so instead extensive
calculations of the measurement uncertainties were performed

U(0) = kuc(6) @)

¢ = f(t,d,q). ®
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Fig. 11. Polycarbonatg; ~ 11 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.
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Fig. 12. Polypropylenef = 9.4 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.
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Fig. 13. Polysulfonef =~ 10.8 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.

The functionf is defined through the numerical algorithms devalues in Table |, the combined relative uncertainty,dfwas
scribed in [13]. The dimensional uncertaintie§) andu(d) found to be
were obtained from repeated measurements of the sample atam-
bienttemperature and pressure (297 K and 84 kPa). A well-char-
acterized reference material (qQuartz) was used to calibrate the
systematic effect due to the cavity post height, aiig) was The uncertainty in the measurementiaofi § was dominated
obtained from the uncertainty in the valueecadf the reference by the Type B measurement uncertaintiestdfand R, the
material. surface resistance of the metal cavity walls. For measurements
Listed in Table | are the values used in calculating the comperformed at ambient temperature, the contributions for each
bined standard uncertainty fey’. The partial derivatives were of these factors is shown in Table 11 [13]. In order to determine
obtained by numerically varying the input quantity of intereshe effect ofu(Q) and u(Rs) on u.(tané), we performed
by a small amount and noting the effectdri. By use of the a sensitivity analysis on measurement data instead of using

te(€r)

€

= +0.5%. 9)

!/
’I‘
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Fig. 14. Polytetrafluoroethyleng, ~ 10 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.
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Polyvinylchloridef ~ 11 GHz. (a) Relative permittivity versus temperature. (b) Loss tangent versus temperature.

TABLE |
RELATIVE UNCERTAINTY COMPONENTS FOR:!,

TABLE I
RELATIVE UNCERTAINTY COMPONENTS FORtan 6

Component Method of Evaluation Value % Component Method of Evaluation Value %
u(t) (€. /Bt) Type A,y = 29 0.1 u(Q)(0tan 6/0Q) Type B 2
u(d)(O¢./0d) Type A,v = 29 0.1 u(R)(dtand/9R;) Type B 10
u(q)(9e;/9q) Type B 0.5

TABLE 11l

RELATIVE COMBINED UNCERTAINTY FORtan 6 OF LOW-LOSSMATERIALS

direct calculations based on (6). This was necessary because

of the way the numerical model accessed valuesHgr For Tempelr;;“re’ K Vai‘g%%
most of the materials, the results of these calculations at all 145 135
temperatures was found to be 170 195
196 +20
u(tan ) 221 +10
272 +10
Howerever, for materials that exhibited very low loss (PTFE, 296 +10
FEP, HDPE, and polypropylene), the contribution frafi?;) 324 +10
played a much larger role im.(tan §), resulting in a nonlinear g‘;g iig

uncertainty versus temperature, as s
factors also influenced the measurem

hown in Table Ill. Other
entaof 6, but only for

a few of the samples and only at certain temperatures. Thésgs. 3—15 and are estimated based on numerical experiments
systematic effects were the result @fresonance asymmetryof the PTFE sample data.

due to mode distortion and excessive cavity coupling (greaterAlthough the analysis presented here should not be consid-
than—45 dB) at lower temperatures. Where appropriate, theseed exhaustive, it does attempt to reasonably estimate the main
sources of uncertainty are included in the data presentedswmurces of measurement uncertainty of the measurands.
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VI. CAVEAT [13] J. Krupka, K. Derzakowski, B. Riddle, and J. Baker-Jarvis, “A dielectric
. . . . resonator for measurements of complex permittivity of low loss dielec-
The measurements described in this paper were designed tric materials as a function of temperaturbjeas. Sci. Technolvol. 9,

without regard to the temperature limitations of the materials _ pp. 1751-1756, 1998.
14] P. J. Petersan and S. M. Anlage, “Measurement of resonant frequency

used. Before using any of these materials in any appllcatlor_{, and quality factor of microwave resontors: Comparison of methalds,”
the manufacturers data sheets should be consulted to determine Appl. Phys.vol. 84, no. 6, pp. 3392-3402, 1998.
the recommended limits of their use. [15] S.Ramo, J. R. Whinnery, and T. V. DuzEields and Waves in Commu-
nication Electronics3rd ed. New York: Wiley, 1994.
[16] G. Hartwig, Polymer Properties at Room and Cryogenic Tempera-
VIlI. CONCLUSION tures Boston, MA: Kluwer, 1994.
[17] Y. S. Touloukian, R. K. Kirby, R. E. Taylor, and T. Y. R. Lee,
We have presented temperature-dependent data of the Thermal Expansion Nonmetallic Solids Thermophysical Properties of

complex permittivity of many common plastics at microwave _ Matter. New York: IFl/Plenum, 1977, vol. 13.

. . . {18] Guide to the Expression of Uncertainty in Measuremérgd., Int. Org.
frequencies. The results were presented with an uncertainty™ g ngard.. Geneva. Switzerland. 1993.

analysis based on measurements and experiments of selected
representative materials.
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